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CHAPTER 4

I NTERFERENCE EFFECTS

During this increment , much effort was spent in modeling the interference

effects which occur in integrated circuits . This chapter descrIbes the work that

was performed in this area, incl uding detailed investigations into the basic

mechanisms involved. Sections 4.1 through 4.3 are concerned with the rectifi cation

properties of PN j unctions. In Section 4.1 , the results of a series of

r rectification measurements are described for several common diodes. Section 4.2

expands the existing rectifi cation theory by using a Fourier expansion technique ,

and incl udes predictions of the rectifi cation efficiencies of several diodes which

agree closely with the data presented in Section 4.1. Section 4.3 takes an

existing model for rectifi cation in PN junctions and predicts the expected range

of the model parameters for use in worst case analyses.
- 

Sections 4.4 through 4.6 of this chapter descri be the modeling of complete

- 

integrated circuits . Most of the circuits were modeled in conjunction with

special computer programs for circuit analysis. In Section 4.4, interfe rence is

simulated in 7400 NAND gates using the computer program SPICE , an d a compar i son

is made of the rel ative susceptibilities of the standard , high speed , and low

power IlL versions of this gate. A worst case analysis of this circuit is

presen ted in Section 4. 5, using the worst case rectification information from

-*  
Section 4.3. In Section 4.6, several approaches to modeling i nterference in 741

op amps are presen ted , i ncl udi n g a very simp le an d conven ie nt of fset genera tor

model . The programs ISPICE and SPICE2 are used in the calculations .
L Section 4.7 describes an analytical approach to eval uating signal quality in

[j data transmission systems using li ne dr ivers and rece i vers . The si gnal quality

is inversely related to the “jitter” which may occur in a transmi tted signal and
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this section presents a means of evaluating this quantity . Susceptibility

information from Section 3.2 can be combined with the results of this section to

yield signal quality information in terms of RF frequency and power level.

4.1 Diode Rectification Measurements

Recti fication of RE signal s by PN junctions has been determined to be the

principal source of interference in modern electronic circuits. However , because

of the nonlinear nature of semiconductor junctions , an analytical approach to

studying rectification becomes quite invol ved , except for the small signal case

where simplif ying assumptions can be made. A study of diode rectification was

undertaken during this increment to measure some of the rectification properties of

semi conductors .

The current rectification efficiency of several diodes was measured versus

bias voltage , RF power level , and frequency . Figure 4.1 illustrates a typical

test setup that was used in the testing. The diode under test was placed in an

HP l1602B transistor test fixture . The cathode of the diode was placed at RF 
-
•

ground by locating a coaxial short in the RE line an appropriate distance beyond

the test fixture socket. The diode was biased with a power suppl y, and the dc

component of diode current was measured with an electrometer. The RF power level

was measured with a power meter and directional coupler. 
- j

The current rectification efficiency , ~ (eta), is defined as

= 
~‘RF 

- ‘no RF~’~RF ’ 
(4.1)

where ‘RF is the dc component of diode current when the RE si gnal is present ,

1 no RI jS the diode current when no RI signal is applied , and

~RF is the RF power level which causes iRF to flow. ]
The current recitfication efficiency was measured for diode bias voltages of 0, ‘

- 1 0.25, 0.50, and 0.60 volts. Frequencies of 220 MHz, 450 MHz , 1 GHz , an d 2 GHz ]
were used in the testing.
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Figure 4.1. Typica l Test Setup to Measure Current Rectification in Diodes

Figure 4.2 shows the rectification efficiency measured for a 1N718 diode

versus bi as vol tage , frequency, an d RF power level. For low RF power levels , the

rectifi cation efficiency remains constant with RE power and depends only on bias
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Figure 4.2. Rectification Efficiency Measured for 1N718 Diode versus Frequency, Bias
Voltage, and RF Power Level.

ii
vol tage and frequency. This is the small signal (square law) region. At hi gher

power level s , the rectification efficiency becomes greatly dependent on RF power :1
level , as the rectification becomes a large signal phenomenon. With increasing -i
frequency, the rectification efficiency decreases. For the lN718 , recti fication

ef ficiency decreases by an order of ma gn itude between frequenc ies of 1 GHz and 1
2 GHz . Also , the diode recti fication obeys a square law dependence over a wider

range of power as the frequency increases . For the lN7l8, the square law reg ion j
32
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includes RE powers less than approximately l0~~ watt at 220 MHz , but extends to

io 2 watt at 2 GHz.

Fi gure 4.3 shows the rectification efficiency measured for a 1N965B diode.
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Figure 4.3. Rectification Efficiency Measured for 1 N965B Diode versus Frequency, Bias
Voltage , and RF Power Level.

These curves are s imi lar  i n sha pe to those shown i n Fi gure 4.2 for the 1N7l8. As

with the lN7l8, the 1N965B does not enter the large signal region at the power

level s that were used in the testing . It is interesting to note the very large

ran ge ove r whi ch the rec~ification efficiency varies with bias voltage : for bias

- - 

- 
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voltages between 0 and 0.60 volts , the rectification efficiency varies by a factor

of ~~~
Fi gure 4.4 shows the rectifi cation efficiency measured for a lN914 diode.
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Figure 4.4. Rectification Efficiency Measured for 1 N914 Diode Versus Frequency, Bias ]Voltage , and RF Power Level. - -

These curves are similar in shape to those shown in Figures 4.2 and 4.3. However ,

the 1N914 shows more clearly the large si gnal rectifi cation region which occurs

at the higher RF power levels. In this region , the rectification efficiencies for

different bias voltages approach each other asymptotically (on a log plot) and LI ~34
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become proporti onal to 
~~RF~~~~• 

The rectified current is then proportional to

• • ~~RF~
112

’ w h i c h  is the r e l a t ion  used in large si gnal interference models of diodes

and bipolar transistors 1. At a bias voltage of 0 .5 or 0.6 volts , the lN9l4 is in

the large si gnal region at RE powers greater than 1 mW at a frequency of 220 MHz ,

and at RF powers greater than 4 mW at 1 GHz.

- . 
An unusual phenomenon occurs at 1 GHz and 2 GHz for the 1N914 diode that was

not observed to occur with the other diodes. The rectification efficiency appears

- - discontinuous at certain va l ues of RE power. At 2 GHz , a discontinuity occurred
I

at approximately 5 mW at a bias of 0.25 volts , and at approximate ly~40 mW at a

bias of 0 volts. These discontinuities appeared to have a hystersis effect: the

• discontinuit ies occurred at different power levels depending on whether the RI

power was being increased or decreased through the region . Closer examination of

the rectifi cation characteristics of this diode yiel d some insight i nto the cause

of these discontinuities.

Figure 4.5 shows the IV characteristics measured for the 1N914 diode at a

frequency of 2 GHz for power levels of 4.5 mW (6.56 dBm), 5.1 mW (7.06 dBm), and

5.7 mW (7.56 dBm). These curves show that a negative resistance region exists in

the lN9l 4 diode characteristic. References [2] and [3] descri be similar

observations for germanium rectifiers. The reason that the negative resistance

region occurs is not entirely clear. Torrey and Whitme r, in Reference [2], show

that sufficient conditions for a negative resistance region to occur are :

1) the diode is representable by a nonlinear resistance in shunt with a voltage

var i able capac it ance , 2) the spreading resistance of the diode must be small , and

• 3) the constant component of shunt capacitance must be small. However , they also

.
~~~~~~ 

conclude that the diode series inductance has some infl uence on the appearance of

the negative resistance region.

An anal ytical approach to studying recti fication using a Fourier expansion

35
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Figure 4.5. Current-Volta ge Characteristic Measured for 1N914 Diode Showing Negative

Resistance Region Which Occurs When RF is Conducted into Diode at 2 GHz.

technique is described in the next section. The method predicts curves of similar

shape versus RF power as those shown in Figures 4.2 through 4.4 , and appears to

be a fairly good representation of the rectification phenomenon because it 
-

encompasses both the large and small signal regions. (However, as presently J
formula ted, the method does not predict the existence of a negative resistance

reg ion i n the IC charac ter isti cs) .

4.2 Rectifi cation Theory Using Fourier Analysis I
Earl ier studi es4 have shown that rectification in a diode can be calculated 

-

by a time domain method: the junction current and voltage waveforms are calculated , j
then averaged over a period to obtain their dc values. This method is very time

consuming, requiring the solution of nonlinear differential equations if diode

capacitance is included. Small signal cal culations are convenient , but can be used

36
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• only where RF power levels are quite small. A Fourier expansion method is much

more convenient than the time domain method and is applicable over a wider range of

r power levels than the small signal approach. The theory is presented in this

section.

-. Fi gure 4.6 illustrates a simple circuit for the study of diode rectification .

- R E

I -
~~~~~~~~~ II

I (LARGE)

V5cos wt  

~~~ ~~~~~VDC 
~~/~D

Figure 4.6. Circuit for Study of Diode Rectification

The relationship between the diode current , i0, and the diode voltage , v0, is
Qv D= IDS~~ 

— 1), (4.2)

where 
~~ 

is the diode reverse saturation current , and Q is a constant having

dimension (volts )~~. The RE source is assumed to contain a series resistance , R5.

The diode current and voltage can be written in terms of their harmonic

componen ts:

= 

~~ 
+ I

~ 
cos wt + ‘2 Cos 2wt + 13 CO5 3wt + . - . , (4.3)

and

v D = V0c + (V
~ 

- 1 1 R5) CO5 w t  - 12R5 COS 2wt I3R5 cos 3u)t - . . . (4.4)
- - (The inductor is assumed large so that is passes only dc current , and the capacitor

is assumed large so that it passes all ac components of current). Substitute for

‘
-

~~ vD in equation (4.2) to obtain
- 

Qv Q( V - 11R ) cos wt - QI R cos 2~t
. - 

f~

_

~ 

1
0 

I05(e DCe s S 2 S 
- • - ‘OS.
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De fine:

= Q(V 5 — liRs )

= _ QI 2Rs
= _QI

3Rs, etc.

Then the diode current can be written

QV DC X 1 cos wt X2 cos 2wt X3 cos 3wt
= 105e (e e e •)  - (4.5)

The quantity eXC0S ~ can be expanded in terms of its Fourier components :

e 0
~~

t [I (X) + 2 ~ I (X) cos nwt],

where I~(X) is a modi fied Bes:el function of the first kind of order n and

argument X. The diode current can then be written

= _ I
DS + I0Se

D lo( X i ) + 2 
n=l 

1(X 1) co-s n~t] :
[10(X 2) + 2~~ i~ (X 2 ) cos 2nwtj

[10(X 3) + 2
n!l 

In (X 3) cos 3nc~t]

etc. (4.6)

As a simpl i fi cation , assume that the higher harmonic components of current

and voltage are s-mall , ~.e., that X2, X3, X4, etc. are small , then

1 10(x2) 10(x 3) 1
0

( x
4

) =

and

0 I~ ( X~) I n ( X 3) I~ (x 4 ) .

for all n > 0. Then equation (4.6) simpl i fies to 1
‘D ~~

‘DS + IDSe 10(X 1) + 2! 
~~~~ 

cos nwtj. (4.7) :
~

By Comparing (4.7) with (4.3), it is apparent that
QV oc

= 

~
1
~ s + I0~

e 1 (X 1) j
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I ~~~~

and
~ ¶ 1 QVDCIl = 1DS~ 

211 (X 1 ).

The functions 10(X)  an d 11 (X) can be written as series expansions:

2 4 6
- 

~~~~~ 2 2~~~ 2 2 ~~~2 2 4 2 4 ~ 6
3 5_ X X x

2 4 2 ~ 4 •6

-. The resul t is three equations in three unknowns 
~‘DC’ 

I~ , X 1 ) :

QV
~~

• 
DC~~~~0S DSe o l

QV DCI~ = 2I0~ 
11(x 1 ) (4 .11)

. X1 
= Q(v 5 - l i Rs ).  (4 .12)

These equations can be solved numerica lly (using equations (4.8) and (4.9)) to

find the dc current that results for a give n RF source amplitude , V5.

- Fi gure 4.7 shows the ‘DC vs. VDC curves which are predicted by equations (4.10)

(4.12). The diode was assumed to have ‘DS = 1 x l0~~ amps and Q = l/(.026 volt),
- and the RI source resistance was 50c~. The shape of the curves is similar to those

measured in  the lab and predicted by time domain calculations.

Figure 4.8 compare s an ‘DC vs. V DC curve calcul ated by the Fourier expansion

method wi th one calcul ated with the time domain method. The Fourier method

predicts a curve that is a fairly good representation of that predicted by the

more accurate time domain method . The difference between the curves is due to the

j] simplifying assumptions. Greater accuracy can be obtained by including the next

several harmonic components in the calculations , but this would increase the

difficulty of solution . Fi gure 4.8 illustrates that good accuracy can be obtained

- - by sol ving equations (4.10) — (4.12), with much less effort that is required wi th

I

: - a time domain calculation.

H
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Figure 4.7 Predicted Diode Rectification Using Fourier Expansi on Method
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Figure 4.8. Comparison of Methods for Predicting Junc tion Rectification
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This method can be app lied to the more general circuit shown in Fi gure 4.9.
I ,

- 
RS (LARGE ) 

____

-
. 

I
4 .  

I ~~(LARGE ) +

1’ c _ _ _ _

.. AMPLITUDE = V~ (— ) ~ R L \/ ~D
FREQUENCY = w T

I 

E7VDC 
_ _ _ _ _  

—

• 
Figure 4.9. General Circuit for Study of Diode Rectification

-

- 

Here , the diode capacitance is represented as the sum of a constant capacitance

- term , C0, and a voltage-vari able term:
~~~

. Qv0
- C = C0 + K1 05e , (4.13)

- where K is a constant with units farads/amp .

• The development is similar to the earlier case and , as before, the higher
- - 

harmonic components are assumed small . The result is 4 equations in 4 unknowns:
. QV01DC = 1DS + IDSe 10( X 1 ) (4.14)

= QV 1 (4.15)

t • .  2 QV0 2 QVD 2Vs = [V~ + 2 RSIDSe i1 (x 1 )] + [wV i Rs( C o + 2KI05e 11 ( X 1 )/X 1 )] (4.16)

- - 
VD 

= VDC - IDC RL . (4.1 7)

In this case , the dc component of voltage across the diode is V0, an d V DC is

t . the dc suppl y vol tage . These equa ti ons can be solve d nume r i ca ll y to yield the dc

components of current and voltage resulting from the RE signal .

Predictions were made of the rectification efficiencies of several diodes.

Figures 4.10 and 4.11 show the rectification efficiencies that were predicted for

types lN718 and 1N965B diodes , respectively. The parameters used in the

calcul ations were measured in the l aboratory for particular diodes , and are listed
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Figure 4.10. Predicted Rectification Efficiency for 1N718 Diode

in Table 4.1. The incident RF power level , 
~RF’ 

was gi ven by 
~RF = V5

2/400c~. The

diode was assumed biased wi th a voltage source , so RL = 0.

Comparison of Fi gures 4.10 and 4.11 with the measured data in Fi gures 4.2 1
and 4.3 shows the method to be fairly accurate in predicting the wide variations

in rectification effi ciency that occur with bias voltage and power level . In the j
A 1N7l8 data the rectification efficiency of the V0c 

= .6 volt case was measured

to be higher (by a factor of 10) than predicted. Also , the power levels where

the rectifi cation efficiency enters the large signal regime vary somewhat (about
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l0K~2

V IN 
—

I I ~~~~~~~~~L. .VOUT

0.5V (~~~) I
910~7 

500~

Figure 4.28. Closed Loop Amplifier Circuit Used in Op Amp Simulations

the input statements for an RF simulation . The input conitiand structure is similar

to that used in SPICE , but several additional features are available. One example

is that c i rcui t  element values may be made functions of an independent variable.

In the listing of Figure 4.29, RFPWR is an independent variable specifying the RF

power level. The values of current sources ISCC and ISCE are then made functions

of the RF power level with the commands

ISCC 4 1 XC ( RFPWR)

ISCE 7 3 XE ( RFPWR )

where XC ( RFPWR) and XE (RFP WR ) are functions of the RF power level specified by the 
—

following statements :

xC(RFPWR ) = 0.01 * (RFPWR) ** .5 ]
XE ( RFPWR) = 0.17 * ( RFPWR) ** .5.

Another feature avai lable in ISPICE is that element val ues may be specified in J
- . 

-
‘ tabular  form versus an independent variable. In Figure 4.29, the forward alpha

is tabul ated versus RF powe r in the statement .1
FAFIE 1 2 2 6 TABLE ( RFPWR 0, .9933, .125M, etc.) -
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RL 1~ . 0 500
• • RE !’ 15 1 1(~ ’

Ft I N+ 0 2 910
R IU- là 1 1K
RC 1 7 5 ~305

• R C2 7 6 5305
R E I  3 9 271 2

- - R E2 4 9 771 7
RE 9 0 9 . 9 72 M E 6

• R2 10 0 1~J0I~- a 
R O l  11 15 32 . 13
R02 i i  0 42 .87

r R C 12 0
C l 5 6
C6 10 11 30F
CE 9 0 2 .4 1 r
Dl 11 12 [ h U M  n v r
[‘2 12 11 [ h U M  OF F

- [‘3 15 13 ! ‘VL IM ((FE
[‘4 14 15 E’VL IM OFF
* ‘OF F’  IN[ ’ ICA[H ( HA l  THE As so c IA r Er ’  ( ‘ lO r E  IS OFF FOK

- * IN I T IA L  A N A L Y SI S
— X 01 5 1 3 E E ’— ( l ( J L l

xo:’ 6 2 4 RF~ E( HnL( I~r I - oF~ 
)

* ‘ F~FI-W R ‘ IS TH E VAI l ~ Y ’t .F  F [I  -FE ~n : N T  I N i ~ 1 H E IF F - OWFI
* ‘ IF FW R Wi LL bi: S WEE ov i :~ A U S E k  IlL !LLII Im:r h ,iJiiL
$ ‘ X  - AS [HE F I F L  i ii: i:~ (iF A N ELEMENT NAME lo r I C A 1 L S
* A CAL U T O A S~~[C K 1
V I N 1  16 0 V I N 1
V C -, 13 n c  1.803
VU 14 8 I C  2.303
VCC 7 0 11C 12
VEF 8 0 n c  — 1 2
l EE 9 8 [‘C 2 0 . 7 6 0
GCIIVC 0 10 9 0 6 • 28N
(SAVA 10 0 5 6 18(3 .6( 1
OE.VF ’ 11 0 10 0 2 4 7 . 4 9
6CVI~ 0 12 15 0 4 6 . 9 6 4 k
* E L I  ME NTS l E G ]  NH N(~ W i t  H ‘(3 ’ AIE VOL I  noi: COi~ IFOLLEII CUF~IENT sour~ccs
Mo nI:I _ [h[Lill 1 1  is r — t ~

• MO1’EL [ ‘VL I M ( ‘ C  I S = E E — 1 6 )
is p- - i c E :

Figure 4.29. List of Input Statements for ISPICE Simulation of
L 741 Macrom ode l Includin g RF Effects

1 When executing, the values of the independent variables - u~t be specif ied ,

and i f  desired , they may be stepped ove r a range of values. The latter procedure

was used to obtain values of output vol tage vs. the RF powe r level . Additional

information on ISPICE features and command structure can be found in the ISPICE

j  Reference Manual

Curve (a) in Figure 4.30 shows the output voltage of the circuit vs. RF

power level when RF ente rs the inverting input , and compares it to data measure d

in the la bora tory12 , s hown as X ’ s. The output voltage decreases as the input

I ~ 69
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Figure 4.29. (Continued) List of Input Statement s for SPICE Simulation
of 741 Macromodel Including RF Effects - I

! I -

power increases u n t i l  the amplifier reaches saturation. The simulation data is

conservative comp a re d to the measure d data by approximately 4 dB. This  is

reasonable , howe ver , because it was assumed that the incident power affects only

the input transistor. In  rea l i ty , it is unlikely that all of the incident RF

power actually reaches the input transistor. Some is probably absorbed in other

parts of the chip, or bypasses the input transistor th rough shunt capacitance . J ~4 
Curve (a) in Figure 4.31 shows the output vol tage vs. RF power when RF enters the -.
noninverting input and compares it to the measured case (X’ s). Again , the *

calculations are conservative by about 4 dB.
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- b — 5  rn—4 b — 3  10—2 10—1 100 101

- 
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- Figure 4.30. Output Voltage of Amp lifier Circuit vs Incident RF Power.
RF Conducted into Inverting Input of 741 at 220 MHz.

The voltage s at wh i ch the macromodel saturates are different than the

saturation vol tages actually observed. The macromodel saturates at -10.5 volts

p and at +11.0 volts , where the supply voltages used were +12 volts . The actual
L 

—

4 op amp saturates at -9.2 and +10.1 vol ts. These diffe rences indicate that the

‘

~~ 

values of and VC S which contro l the saturation voltages in the macromodel ,

- 

-
~~ should be adjusted if better agreement is desired. The saturation voltages are

I independent of the inte rference effects.
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(c)
11 (a)

(a) MACROMODEL
9 —(b) FULL MODEL — x

(c) OFFSET MODEL
X EXPERIMENTAL

7
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S
C,)I-
-J
0

x

0
>

1 X
(a) &

_ _ _  _ _ _  _ _ _  _ _ _  

/ J x
—1

X

_ __ _  _ _  _ _

b — 5  i~
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~ i~
—

~ 10—2 10— 1 101
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Figure 4.31. Output Voltage of Amplifier Circuit vs Incident RF Power.
RF Conducted into Noninve rting Input of 741 at 220 MHz.

A complete mode l of the 741 op amp has also been simul ated for comparison

wi th  the macromode l s i mu l ati on resul ts. The complete model simulations used the

compute r program SPICE 2 , an updated ve rs ion of SPICE . A schematic diagram for

the 741 op amp is show n in Figure 4.32. Both of the differential pair input

transistors were modeled using the modified Ebers-Moll transistor model shown in d
Figure 4.21. (This procedure differs from that used with the macromodel , where

72
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~

19 ~i2~1 ~~~13

(+) IN~~~~~~ 1 INPUT 

3OpF: : 
~~~~~~~~~~~~~ OUTPUT

_  _  

bH -0

OFFSETO ~~~~1k~~ 5k~2 
.1 ____ ____

- V—

Figure 4.32. Schematic Diagram of 741 Op Amp Used in Complete Circuit Simulations

only the input transistor at the RE input terminal was modeled wi th a modified

- Ebers-Moll transistor model and the other input transistor was modeled with a
- standard Ebers-Moll model). Standard SPICE 2 components were used for all other

op amp components , incl uding transistors Q3—Q22. The parameters for Q3-Q22 are

listed in Tabl e 4.8.
Table 4.8. Parameter Values for the Transistors in the

- I I Complete Op Amp Model

NAME PARAMETER DESCRIPTION NPN’s PNP’s

F BF FORWARD BETA 100 100
BR REVERSE BETA 5 5

RB BASE RESISTANCE (~2 )  5 5• I ~ RC COLLECTOR RESISTANCE R2) 50 50
RE EMITTER RESISTANCE (cz) 1 1
IS SATURATION CURRENT (pA) 0.01 0.01
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i U ~gqCDONPjEL L 0000L AS ASTRONAUTICS COMPANY • ST. LOUIS DIVISION

— 
____L. ~~ —i-—--.— — — 

~~~~~~~~~~ -~~
----

~~~~~~~~ --~~~~ 
— -~ ~~~~~~~~~~~~ — — -~



—~~~~~~~~ ———- —,~,- 
~,i*

-’ i— — — — 
— — 

~1

INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

To simul ate RE injected into the inverting input terminal , the RE-dependent

current generators ISCE and ISCC of Q2 were assigned values while those of Ql were

set to zero. For RE injected into the noninverting input , ISCE and 15CC of Qi were

activated while those of Q2 were set to zero. As in the macromodel simulations ,

transistors Qi and Q2 were assumed simi l ar to 2N930A transistors in characteristics.

Table 4.7 lists the modified Ebers-Mol l parameters for Ql and Q2.

Curve (b) of Figures 4.30 and 4.31 show the complete model simulatio n ~‘esults

obtained when RF is injected into the inverting input and noninverting input ,

respectively. Comparison wi th Curve (a) in these fi gures shows that the complete

op amp mode l and the macromodel give essentially the same results. A difference

is noted in the voltages at which the output saturates. The complete model

predicts the saturation voltages much more accuratel y than the macromodel .

Another di fference is seen between the niacromodel and complete model simulatio n

resul ts. The macromodel exhibits an offset voltage at its input when the RF power

level i s zero , which can be seen at low power levels (l0~~ mW) as a 0.19 volt

offset from the actual no-RE output voltage value of -5.00 volts . This offset

occurs because of the different procedures used to represent the interfe rence

effect in the differential pair input circuit. In the macromodel , only the input

transistor stimulated by the RE was modeled with a modified Ebers—Mol l transistor

model. This contains additional elements not found in the standard Ebers-Moll

model (whi ch is used for the other input transistor) whi ch unbalances the

differential pair circuit even when the RF power level is zero. Modeling both i
input transistors with the modified Ebers-Moll mode l , as in the complete model

simulations , preserves the balance of the differential pair and prevents an

extraneous offset vol tage at the input . In subsequent macromodel simulations , it

is recommended that both input transistors be modeled wi th modifi ed Ebers-Mol l

models to prevent input offset voltages at zero RE power level .
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Earlier observations had noted that the output  offset voltage is direct ly

- proportional to the offset voltage at the input terminals of the op amp. This led

- to a simplified model of interference in op amps where the interference effect is

- - represented as an input offset voltage generator , v11, in series with the op amp
- 

input terminals. The relationship between v11 and the RE power level would be

- - 
known , or could be determi ned mathematicall y or experimentally. A similar effect

is observed in the computer simulations .

- - In Figure 4.33 an inverting amplifier circuit is shown wh i ch is the same as

RF

~~~

. 

RlN~~~~~~~~~~~~~~ E v:uT

Figure 4.33. Inverting Amplifier Circuit with Offset Generator
- 

Shown at Op Amp Inverting Input Terminal

that used in the macromode l and complete model s imu la t i ons  and which inc ludes  the

offset generator v11 at the op amp inverting input terminal. The output voltage

can be shown to be 
R R

y
OU1 

= 

~
v IN 

~~~~~~~

- v~ (~f-~ + 1) . (4.43)

In the circuit shown in Figure 4.28, R IN = lKci , RE = 1OKQ , and V IN 
= 0 .5V , so

L vOW. = — 5  — ll v 11 volts . (4.44)

Good correl ation has been found between the computer-calculated output voltages ,

and the output voltage predicted by Equation (4.44) where the input offset voltage

was the product of ISCE and RGE (Eigure 4.21). Thus ,
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V 11 
= I SCE * RGE
= l7/~~~ volts (4.45)

whe re 
~RF is the RF power level in watts. A plot of the output voltage using

(4.44) and (4.45) is compared in Ei gures 4.30 and 4.31 with the output voltage

from the computer simul ations. The correlation is found to be excellent. There-

fore , the input offset vol tage is seen to be the open c i r cu i t  voltage of the

Norton equivalent in the base-emitter junction of the input transistor , which arises

from rectifi cation of the RF signal in this junction .

This result can be seen in another way. 
- 

In the op amp , the input transistors

are in a di fferential pair circuit. Figure 4.34 shows a basic differential pair

circuit where both transistors have been replaced by modified Ebe rs-Mol l models.

In the op amp, both of the input transistors are biased in an “on ” state by the

current source 1E which dri ves the differential pair. As such , many of the

elements in the transistor models are inactive . Eigure 4.35(a) shows the

differential pair after removal of the inactive elements . The collector junctions

have been removed, since they are reverse biased and do not conduct , and the

current-controlled current sources aRIRl and 
~R’R2 have also been removed.

In Figure 4.35, RF is assumed to enter the leftmost transistor , and the RE 
-~~

powe r level is assumed large enough so that most of the current ‘Fl flows through

diode DXEl~ 
so diode DEl was removed. In addition , the Norton equivalent ‘XEl and 

:i
RXE1 has been replaced with its Thevenin equivalent VXE1 an d RXE1~ 

where -

VXE1 = 1XE1 RXE1. (4.46) 11
In the ri ghtmost transistor , ‘XE2 is zero (because no RE power enters this -

transistor), so most of the current ‘E2 flows through diode DE2. Therefore

elemen ts DXE2 , ‘XE2 and RXE2 were also removed i n Fi gure 4.35(a). 1
It is apparent in Fi gure 4.35(a) that , because the current source IZEIF 1 in -

the left—hand branch of the differential pair can have any voltage across it , the 
-
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~~Vcc

~~R L R L~~

1+ V0 -.

-
.

aFiFi d) L_f.J DCi :D C2 L f
J 

(f)aFIF2

H
1 R2 ~~iVB 1 ~~~~~~~~H I 

I________ .__. VB2
—‘Fl

aR IR1 

~ E1 
DE2 

~
_
~
_j__

~ 
cp

aRIR2

RXE1 RXE2 ~ 1 XE2

I
Figure 4.34. Basic Differential Pair Circuit With Transistors Replaced with

4 F Modified Ebers-MoII Models.
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•
~~~~
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(k thIE

a) ‘~
1

1 1 E b)

Figure 4.35. Simplification of Basic Differential Pair Circuit .
RF Enters Leftmost Transistor .

voltage source V XE 1 can be mo ved into the base lead of the left transistor , as

shown in Fi gure 4.35(b). The offset voltage corresponding to v11 in Fi gure 4.33

is then

v11 
= V XE1 

- ‘El RXE 1. (4.47)

The value of ‘F] RXE 1 is insignifi cant compared to V XE1 ( remembe r the RE power

level was assumed large enough that most of ‘Fl flows through 0xE1 ’ which implies

that  V X E1 would be sign i ficantly large r than ‘El RXE1 ). Therefore , the voltage

drop across RXE1 can be neglected. The simplified model shown in Figure 4.33 then

fol lows where

V 11 
X 1XE 1 RX E1. (4.48)

The various model ing procedures described in this section have l ed to a
-
~~ greater insight of the interfe rence effects in op amps. Additionally, a

simplified offset model has been shown to be related to the more elaborate modeling

procedure s via the modified Ebers-Moll transistor model. The offset model has the .1
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_J advantages that it is simpler to use than either of the computer simulation models ,

and can be used for quick “pencil and paper” types of calculations. The macromodel

app roac h may be mo re accura te i n some s i tua ti ons , and also could be used to find

circuit responses when modulated signals are present because the op amp is

- .  modeled in greater detail , including its transient response properties . The

complete op amp simulation approach is the most difficult , and requires more

- - computer time than the macromodel approach , but has the advantage that interference

effects at other terminals besides the inputs can be simulated by replacing the

appropriate transistors and diodes by their inte rference models.

- - 4.7 Signal Quality in Data Transm i ss i on Systems

• Investigations into the RF susceptibility of line d ri vers an d rece i vers have
- established that the receive r input threshold may change when stimulated by RE.

The receiver input threshol d is that voltage , applied differenti ally between the

two recei ver inputs , at which the receiver output changes state. As an example ,

Figure 3.6 shows the input-output transfe r characteristics for a 961 5 line receiver.

At input vol tages less than -0.08 volts , the output voltage is 5.0 vol ts (a high

state). For input voltages greater than -0.08 vol ts , the output voltage is 0.2 volts

(a low state). The input voltage -0.08 vol ts is referred to as the input threshold.

Threshold offsets , such as those caused by RF , have two undesirable effects

on the signal  q u a l i t y  in  a data transmission system. First, a threshold offset

wil l  decrease the noise margin of the system, increasing the probability that

cr~-~rj ous bits will enter the data stream in a noisy environment. The second effect,

4nd the one wh ich is addressed in this section , is that the signal may experience

‘‘~~~~~ iariations in the received signal from those sent by the driver. A comparison

~~~ 4r~~rr1tted and recei ved wa vefo rms may show that some pulses have become
- 

~
- ‘h .ir re lat ive position in the train , and some pulses may appear longer

~~~~~ •‘. ,r In the ori ginal signal . Reference [13) discusses these time
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vari ations quantitatively in a term called “percent jitter”. This  is a rat io of

the maximum variation in pulse  posi t ion or width to the minimum pulse period.

In order to get a laboratory measure of the percent jitter in a data

transmission system, Reference [13] introduces an oscilloscope pattern called a

“binary eye pattern ” which is obtained when a random NRZ (nonreturn to zero) signal

of minimum pulse width tui (a “unit interval”) is transmi tted down the line and

the actual transmission line voltage at the receiver is observed with the oscillo—

scope. The pattern displayed on the scope is the binary eye pattern . Fi gure 4.36(a)

TEST POINTS
TO SCOPE

SCOPE
TRIGGER

A) TEST SETUP TO PRODUCE BINARY EYE PATTERN

T,~ j
-~~

~~~~~~~~~~ ~~~~~~~~~~~~~~~~
‘% -

~‘pr- • -~~.. ‘~~~~~ - -
~~ ‘•-~~
.- 

~~~~~~~~~ 1 -
~~~,.._ 

,
~~~_p._ _  — -

— .4~~.. 
- -. 4~~.. ~~

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

-

E4-_- tUj - _ I L
~t I4

PERCENT JITTER = ~
_t
~X 100%tui ..

B) BINARY EYE PATTERN

Figure 4.36. Jitter Measurement With Binary Eye Patterns -
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is a diagram showing how the display is obtained , and Figure 4.36(b) illustrates a

. typical binary eye pattern. The pattern consists of the superposition of the

voltage waveforms seen at the termination due to the pseudo—random sequence

generator. Because of the capaci tance of the line , the voltage at the termination
- 

cannot cha~uge instantaneously, and exhibits the charging behavior evident in

- - 
Figure 4.36(b). Referring to Figure 4.36(b), Fairchild defines perce~it jittey- as -

percent jitter = $-

~
-— x 100%.

- - For convenience , J is defi ned as the fractional jitter:

- = (4.49)

• - The jitter can be computed analyt ically if we conside r that the line is driven

(at the dri ver end) by the voltage waveforms shown in Figure 4.37. Signal A in

LU -

Q SIGNAL A 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

< +VCC
I-
-J
0
> TIME
LU I

0 t1 2t~ 3t
0
U.’- -  Z — V CC-

i.

~< +VC C _

TIMEa I
0 t1 2t1 3t1

F —VCC SIGNAL B 
—

Figure 4.37. Voltage Waveforms Driving Transmission Line
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Figure 4.37 is initiall y at a vol tage leve l of +V~~, switches to -V~~ for a unit
— 

interval of time (the shortest pulse width expected in the system), then switches

back to a voltage of +V~~. Signal B -is initially at a voltage level of _V cc~ then

switches to a voltage level of ~~~~ The voltage responses of the two signals at

the termination can be displ ayed superimposed on an oscilloscope , as shown in

Figure 4.38. These two curves represent a portion of a compl ete binary eye

z
0

SIGNAL A
z +VCC

i
t2 TIME

~0—V CC SIGNAL B 
tUl 

~1 ‘ 

~~~~~ 3t1

Figure 4.38. Signal Waveforms at End of Terminated Transmission Line

pattern . In calculating the response of the line to an applied signal , the line

is assumed to be perfectly terminated and to charge exponentially. The three

exponent i a l wavefo rms V0, V1, and V2 in Figure 4.38 can be represented by

V0(t) = Vcc e
t/T 

- Vcc (l - e t
~’

T ) for 0 t < t1 
(4.50)

- (t-t 1 ) -(t - t 1) 
—

V1(t) = v0(t1 ) e + V
~~

(1 — e )
~ for t .~~~ t (4.51 )

- t1) 
— 

-(t - t1)

V2(t) = 
~
Vcc e 

T + v
~~

(J - e T 
~~
, for t 1 t (4. 52)

where T is the tim e constant of the line. ]
If we assume the receiver threshold is exactly zero , then receiver state changes

will occur at times t2 and t3 in Figure 4.38. The difference , ~t = t3 - t2, i s

the widest timing variation possible in the received signal in relation to the

- 
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relative pulse positions in the transmitted pulse train (assuming the time delays

through the dri ver and receiver for both logic states are symmetrical and have zero

skew). The jitter is

t — t
~~~

= 
3~~~ 2 (4.53)

The value of t1 is the width of a unit interval , so t1 
= tuj~ 

and the values of t3
and t2 can be calculated from Equations (4.50) 

- (4 . 5 2) .

- .  The effect of receive r threshold ‘offsets is to modify the times t2 and t3 at

which state changes occur. Recei ver threshold changes can be induced when RF

enters the input terminals of the line receivers . RF power inbalances at the two

inputs can cause the threshold to become either positive or negative . In the

general case , it is assumed that the receiver threshol d can vary anywhere between

the values +Vth and -V th. Since the RF fields are dynamic in general (the fields

may change due to movement of the electronic system, due to movement of the source ,

as wi th a rotating antenna , or due to modulati on of the source as in a pulsed radar),

the receiver threshold must also be expected to change . In this analysis , the

receiver threshold is conservatively allowed to vary instantaneously between any

val ues between +Vth and -V th. Such threshold variations will induce additional

jitter into the system which may make data transmission difficult. -

• - Figure 4.39 is similar to Figure 4.38, but it shows the e ffect of variations

- - in the threshold voltage. The widest possible timing variation is again t3 - t 2 ,

but the values of t2 and t3 (earliest and latest state switches) are modified by

the vari able threshold level. The jitter is given by Equation (4.53). Note that

in order to obtain state switches at t2 and t3 as shown in Figure 4.39, the

threshold voltage must change from a value of -V th to ~ . value of +Vth at some time!

such that t2 < t4 < t3.

I] Solution of Equations (4.50) — ( 4 . 5 2 )  for  t2 and t3 in Figure 439 gives
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z
0

SIGNAL A

_ H0 CC
>
LU
2
-J

Figure 4.39. Signal Waveforms at End of Terminated Transmission Line
With Varying Threshold Voltage

t2 = Tln2 + Tln[exp (t
~i

/T) — 1] - Tin (1  + V th /V cc )

= ~~ + T ln2 - Tin (1 - V th /V cc
) ,

which yields the following transCendental equation for J:

J = 1 - (T/t
~1 )ln [exp ( t

~~ 1
/ T )  — l]+(T/t

~~
)ln[(l + V th /V cc ) / (l - vthfvCC

)]. (4.54)

The time constant of the line T can be expressed in terms of the time delay of the

line in seconds per foot (td) and the line length (X):

T = X td/4.4. (4.55 )
Equations (4.54) and (4.55) were solved to obtain the graphs shown in

Figure s 4.40 and 4.41. Figure 4.40 shows the percent jitter as a function of lin e

length , and data rate (data rate tui
1 ) when no threshold offsets occur.

Figure 4.4l(a)-(c) show the percent jitter when th reshold offsets of ±0.1 V~~, j
+0.2 Vcc~ 

and ±0.4 ~~ are possible. These graphs were made assuming td 
= 1 .7 nsec/ft ,

which is a typical va l ue for a twisted pair line. Comparison of the graphs in ]
Eigu re 4.41 with Figure 4.40 shows that the jitter may increase sign i ficantl y

if threshold offsets occur. For example , with no threshold offset , a data rate of
- - 

12M bits/second , and a line length 100 feet, the percent jitter is gi ven by ]
Figure 4.40 as 5%. However , with a threshold offset of +0.2 V~~, Fi gure 4.41(b)

gives the jitter as 25%, a signifi cant increase. Reference [13] recommends that
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MINIMUM PULSE WIDTH — SECONDS
rn-3 i~~

-
~ 

b - 5  10-6 io-7 iO -8
1000c 

.002 0.3 5 ~~ 
30 

/PERCENT JF~TER

1 _ _ _ _ _ _  _ _ _ _ _ _ _

RECOMMENDED

10 I 1 1 1 1 1 1 1  I 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1
1K 10K lOOK 1M IOM lOOM

NRZ DATA RATE — BITS PER SECOND

Figure 4.40. Signal Quality as a Function of Line Length and Data Rate

systems be operated with jitters less than 0.01% for reliable operation. Data

with jitters greater than 100% are probably not recoverable.
- - 

Information on threshold offsets versus RF power level has been measured

experimenta lly. Eigure 3.7 in this report shows worst case susceptibilities of

five types of line receivers in terms of the threshold voltage offset. This graph

- ~ 
t- i can be used in conjunction with the graphs in Figure 4.41 to estimate the signal

quality in terms of RF power and frequency. The important point for circuit and

system designers is that when systems using line dri vers and receivers and long

transmission lines are require d to operate in harsh electromagnetic environments ,

data transmission rates may have to be slowed in order to ensure reliable data
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Figure 4.41. Signal Quality as a Function of Line Length and Data Rate Including -

Effects of Threshold Voltage Offsets -
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CHAPTER 5

ELECTROMAGNETIC SUSCEPTIBILITY SEMINARS

Three Electromagnetic Susceptibility Seminars have been held during Phase III

- - of the contract , the last two of wh i ch were held during this increment. The

second Electromagnetic Susceptibility Seminar was held 19—20 October 1977 and had
- -  83 attendees , while the third was held 25-26 October 1 978 and had 46 attendees.
-- All three seminars were held at the McDonnell Douglas Headquarters Building i n

St. Louis , and were jointly sponsored by the Naval Surface Weapons Center!

Dahi gren Laboratory and McDonnell Douglas Astronautics Company-St. Louis.

Although the fi rst seminar was concerned nainly wi th integrated circuit

- - susceptibility , the later seminars also included information on coupling and
- - 

shielding, hardening design , system susceptibility and testing (including shielding

effectiveness testing, l aboratory EMV testing and ful l scale testing) .

Incl uded in the fi rst two seminars were discussion sessions where valuable

feedback was obtained on the Integrated Circuit Electromagnetic Susceptibility

Handbook . Discussions centered around such topics as coupling approaches ,

shielding within electronic systems , RE impedances of integrated circuits , the RF
- 

susceptibilities of devices and technologies that were not specifi cally covered in

the handbook , incl uding  mi cro p rocessors , l ow-power Schottky TTL devices , NMOS,

etc., and the eval uation of interference when more than one interference source

~ 
is present. Wherever possible , the comments that were received in these discussions

L were incorporated into the final version of the IC Handbook.

~ 
[ At the final seminar a special session was devoted to use of the IC Handbook ,

and included specifi c examples of determination of pickup levels , susceptibility

levels for specifi c equipment , and shielding levels required to make the equipment

- , satisfy customer specifi cations.
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Based on our experience with these seminars , i t  appears tha t  the ICES Handbook

has been well received by the EMC community and is currently being used for a

number of EMC related activities. Comments on the handbook have , in general , been

favorable, and most users that have been in contact with MDAC conside r it a -

valuable reference.

~1
.j

U
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CHAPTER 6

- - CONCLUS IONS AND RECOMMENDATIONS

This report is the final output of the Integrated Circuit Electromagnetic

Suscept ib i l i ty  Invest igat ion conducted by MDAC . The program has been successful

in  characterizing, through both measurements and analytical approaches , the electro-

magnetic susceptibility properties of i ntegrated circuits . The major output of

- 

this investigation was the ICES Handbook , which was published 1 August 1 978. It

- 
summarizes the susceptibility information gleaned during this investigation in a

form which can be readily applied to a variety of EMC design and anal ysis activities.

- - While integrated circuit technology may change rapidly in the coming years ,
- 

and increasingly complex circuits may appear , the basic information contained in

the ICES Handbook is expected to remain an accurate estimate of the susceptibilities

of future integrated circuits . The reason for this is that the present interference

mechan i sm, rectification , is not expected to change with advances in circuit

complexity or technology . The handbook is expected to remain a valuable reference

for many years to come. Based on verbal feedback and on the seminar attendance , the

ICES Han dbook has been favora bly re ce i ved , and is currently being used by the EMC

L community .

- 89

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - MT. LOUiS DIVISIO N



- -- - -- - - ~~~~~~~~~~~~~~~~~~~~~~~ - -

INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

This page intentionally left blank.

I

) 
MCDO NNELL DOUGL AS ASTRONAUTICS COMPANY - ST. LOUIS DIVISION I

~~~~~.- i_.~~~~~~~
- - - -

-” ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . 
-
~~~~~ 

- 
~~ - 

-

-j — 
— — — ~~~~~~~ ~~~~

- 
~~~~~~~~~~~~ — ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _— — —.—- — ~~~~~~~



_____ -

‘.  

INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

- REFERENCES

- - 
This Section provides a list of the documents used as sources of information

. in preparation of this report. Reports referenced with a number of the form

NXX—XXXXX are available through :
• - National Technical Information Service
- U. S. Department of Commerce

Springfield , Vir g~riia 22161 .

- - Reports re fe renced with a number of the form AD -XXXXXXXX are avai lable through :

~~~. Defense Documentation Center
Cameron Station

- - Alexandri a , Vir ginia 22314 .

1. “Integrated Circuit Electromagnetic Susceptibility Handbook” , McDonnell
Douglas As tronautics Company , St. Louis , MDC El929, 1 August 1 978.

2. H. C. Torrey and C. A. Wh i tman , Crystal Recti fiers, New York , McGraw -Hill ,
1 948, pp 406-415.

3. R. V. Pound , Microwave Mi xers, New York , McGraw-Hill , 1 948, pp 92—93.

4. “Integrated Ci rcuit Electromagnetic Susceptibility Investigation — Technical
Report No. 2” , McDonnell Dougl as Astronautics Company , St. Louis , MDC El667,
3 June 1977.

5. L. W . Nagel and 0. 0. Pederson , “SPICE (Simulation Program with Integrated
- Circuit Emphasis)” , Memoran dum No. ERL-M382 , Electronics Research Laboratory ,

College of Engineering, Univers i ty  of California , Berkeley , 12 Apri l 1973.

6. “ Integrated Circuit Electromagnetic Susceptibility Investigation - Bipolar
Nand Gate Study ” , McDonnell Douglas Astronautics Company , St. Louis , MDC E1123 ,

. 26 July 1974 , AD-B 002279L .
L. 7. “Integrated Circuit Electromagnetic Susceptibility Investi gation - Technical

Report No. 1” , McDonnell Dougl as Astronautics Company , St. Louis , MDC E15l3 ,
4 June 1976, N77-18378, AD-A030019.

8. “Integrated Circuit Electromagnetic Susceptibility Investigation — Interim
- Report No. 1” , McDonnell Douglas Astronautics Company , St. Louis , MDC E0883,

24 August 1973.

- - 
-‘

~ - 
9. G. R. Boyle , B. M. Cohn , D. 0. Pederson , and J. E. Solomon , “Macromodeling

I of Integrated Circui t Operational Amplifiers ” , IEEE Journal of Solid State
L Circuits , Vol . SC—9, No. 6, December 1 974, pp 353-363. 

-

— .
1

91

MCDONNEL L DOUGLAS ASTRONAUTICS COMPANY - ST. LOUIS DIVISION
a

~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~ —:L~7~~~~~ ---~~



— I INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

10. C. E. Larson and J. M. Roe, “A Modified Ebers—Mo ll Transistor Mode l for RE
Interference Analysis ” , Proceedings of IEEE 1978 International Symposium
on Electromagnetic Compatibility, IEEE 78-CH—13O4-5 EMC , pp 57-63.

11. ISPICE Reference Guide , National CSS, Inc., Norwalk , Connecticut , May 1 977.

12. “Integrated Circuit Electromagnetic Susceptibility Investigation - B i p o l a r
Op Amp Study” , McDonnell Douglas Astronautics Company , St. Louis , MDC E1l24 ,
9 August 1974, AD-B002280L.

13. The TTL Applications Handbook , Fai rchild Semi conductor , Mountain View ,
California , August 1973.

— A

i-I

H1
i-I

92

MCDONNEL L DOUGL AS ASTRONAUTICS COMPANY - SE LOU/IS DIVISION

______ - 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _


